A novel measurement system, the multi-functional Tribological Probe Microscope (TPM), has been developed to provide multi-function measurements of surface and surface properties. These properties are topography, friction, Young's modulus, and nano-hardness. They are measured, point-by-point, in a single scan set up. The four function maps of surface topography, friction, hardness and Young's modulus are correlated in space and time. In this paper we will brief the TPM system and demonstrate the capability of the multi-function evaluation of engineering surfaces and their correlated nature between these functions. It is believed that such direct correlated measurements will help scientist and engineers to understand surface and surface related properties and eventually to design and optimise a surface for a better performance.
Introduction
Surface measurement is a critical part of the manufacturing process as it determines how well components are manufactured and subsequently how well they will perform. As the demand for function-oriented surfaces and coatings increases so does the need for a unified approach to characterise surface integrity. Surface integrity is defined as the inherent or enhanced condition of a surface produced in a machining or other surface generating operation. It concerns two important parts. The first is the surface texture, which is measured by surface topography. The second part is surface metallurgy, which is a study of the nature of the surface layer produced in machining or processing. It basically concerns the mechanical and physical properties of a surface. Many investigators have pursued this subject over the past seven decades and the effect of surface finish on its function is reasonably well understood at a macroscopic level by empirical and statistical methods. However, at the sub-micrometre level, it is still not clear what is really taking place on the surface during the contact nor how the local surface geometry affects its mechanical and tribological properties. At present, engineered surfaces or function orientated surfaces are still produced by trial and error and there is no quantified approach to link them.
Engineering surfaces are traditionally analysed by the optical microscope, scanning electron microscope (SEM) and stylus instruments. The first two techniques provide visual images/micrographs with sufficient resolution to reveal individual grain features and, yet, with a large enough field of view that interrelation of many such features can be seen. However, they can not quantify the roughness of the specimen. The stylus profilers either in a 2D or 3D form can measure the surface roughness with a greater resolution but smaller ranges than both the above two techniques. Scanning probe microscopes (SPM) such as the scanning tunneling microscope (STM) and atomic force microscopy (AFM), can image very fine surface features with atomic resolution. However, these instruments tend to provide surface topography only. The AFM type of SPMs has been tried in measuring multi-functions of a surface at a nanometre/nanonewton level and has already made a great impact on the study of surface topography, friction, tip-sample interaction, and mechanical/physical properties [1, 2] . However the force that can be applied with an AFM by bending its cantilever is limited to a maximum of µN, and this is too small for most engineering surfaces. The hardness-based instruments, on the other hand, can deliver a large range of loading force from N to KN with an order of mN resolution, but tend to measure only hardness and or elastic modulus.
The multi-function Tribological Probe Microscope (TPM) has been developed in order to bridge the gap between AFM and hardness-based instruments by bringing the multi-function measurement to the middle force range [3] [4] [5] . The novel features of the TPM are its capability of measuring multifunctions in a single scan and the contact force is independently controlled to a range up to 30 mN. The four functions of topography, friction, hardness, and elastic modulus of a surface are mapped point by point in a short time period. Thus the measured four function mappings can be linked in space and time. The basic concepts and the form illustrated here have been granted an international patent [6] and the prototype of the TPM has won a prestigious award at 'Metrology for World Class Manufacturing Awards 2001' held jointly by UK National Physical Laboratory and Department of Trade and Industry. Fig. 1 shows a photograph of the mechanical system of the TPM. It consists of a sensor probe attached to a z-positioner, which can be coarsely adjusted by three micrometers, a precision x-y stage and a drive control unit. The essential part of the TPM is the sensor probe, which has a magnet/coil force actuator and two precision capacitive sensors for measuring surface height/deformation and frictional force between the probe tip and the surface being scanned.
TPM System
The TPM provides a scan facility over an area of 100 ×100 µm 2 which is feedback loop controlled to give a linearity of 0.02%. The probe has a Berkovich diamond tip with a radius of 0.1 µm. The force actuator can deliver a contact force at the tip up in a range of 0.01 to 30 mN. The sensing probe is of compact design with a total dimension of 36 mm in diameter and 22 mm in height.
The system is centrally controlled, as shown in Fig. 2 , by a personal computer with a data acquisition card and Labview software. The x-y movements are controlled by the computer via a high voltage control unit. The z position is feedback-loop controlled by the setting of the height sensor. The contact force at the probe tip is controlled via the current drive unit by the combination of the magnet/coil force actuator and the beam. The measurements of the four functions of a surface, that is topography, frictional force, Young's modulus, and nano-hardness, are achieved by operating the TPM in two scanning modes; the normal scanning mode and the force ramping mode. At each surface point, the TPM measures the surface height first in the normal scanning mode then switches to the ramping mode to increase the contact force steadily to a preset value and decrease it again, while the deformation/penetration is measured. Then the TPM moves to next surface point and at the same time measures the frictional force. The process then repeats itself. At the end of scanning, four sets of data representing surface topography, friction, Young's modulus and nanohardness are available for 2-D and 3-D displays. The calculation for topography and friction is straight forward, basically using the calibrated coefficients to convert the voltage signals into the corresponding height and frictional force. The hardness and Young's modulus are obtained from the forcedeformation curve at each point, using the generally accepted depth sensitive method [7] [8] .
Multi-Function Mapping
The multi-function measurement has been demonstrated on a specially prepared sample; a microscopic glass slide with one half coated with a thin layer of gold and then a layer of conductive polymer on the top. The conductive polymer film is of polypyrrole doped with naphthalene disulphonate (2,6-NDS). At the joined edge part, the polymer has grown over the gold film onto the glass substrate. This joined area was measured by the TPM to provide the four function mappings. The results are shown in Fig. 3(a-d) . The measured area is 100×100µm 2 which contains the joined junction area of the polymer film and the glass substrate. The force in the normal scanning mode was set to be 0.1 mN and the force in the ramping mode was up to 2mN. The topography map shows a clear transition step of 6.49 µm from glass to the polymer film while the friction map shows a higher frictional force between the diamond tip/glass than the diamond tip/polymer film. Both hardness H and Young's modulus E maps are showing not only a distinguished difference in mechanical properties between these two materials but also the local variations in H and E. The averaged values for four functions are calculated over the two material regions and are listed in Table 1 . There is a large peak line in friction map at the start of the scanning due to possibly the static friction. To give a clearer view, the same friction map was plotted again in a certain angle to see the difference in the three regions: start up, glass area and polymer film area, as shown in Fig. 4 . Cross correlation map between the topography and the corresponding hardness using the same sets of data as shown in Fig. 3 
Correlation Analysis
The four mappings shown in Fig. 3 are directly correlated in space. That is the corresponding position points are all the same for four mappings. Therefore, it is easy to see if there is any pattern among those function mappings. In this case the specimen is made of different surface materials so the difference in properties is clearly shown. The cross correlation has been carried over the measured function maps. Fig. 5 shows the correlation map between the topography and hardness maps of Fig. 3 and the correlation coefficient is -0.67. The correlation coefficient for topography and friction is -0.66, while the highest correlation coefficient is 0.9 between the hardness and Young's modulus.
(e) (f) Fig. 6 Property mapping and analysis of a milled aluminium surface with (a) surface topography; (b) Young's modulus; contour mappings of (c)T, (d)E and (e)H of the selected area as marked in a drawing square in (a); and finally the correlation map between T and E over the selected area
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For most engineering surfaces, however, the contrast in surface properties over the scanned area may be not very obvious. Two aspects basically determine the correlation between measured properties; one is dominated by the material and the other is affected by the local variation. In practice, the later can be used to see whether or not the surface local features are influencing the concerned functions such as friction, hardness or Young's modulus. Fig. 6 shows an example of a milled aluminium surface. The specimen was measured by TPM with a scanning force of 0.1 mN and the maximum ramping force of 3mN. The averaged values for topography, hardness and Young's modulus are listed in Table 1 . Here only the topography and Young's modulus mappings are shown due to a limited space. At a first look at these two maps there seems no obvious link between them. But the cross correlation reveals that the correlation coefficient can reach -0.69 between them. The negative correlation suggests that the peaked regions in surface topography give low hardness values, while the valley regions give high hardness values. This can be seen from the corresponding contour maps of topography (T), Young's modulus (E) and hardness (H) from the marked area shown in Fig 6(a) . The correlation coefficient is -0.7 for T and E, -0.57 for T and H, and +0.78 for H and E. It is understandable that hardness and Young's modulus are highly correlated because they are derived from the same force/deformation curves. This negative correlation between topography and hardness or Young's modulus has been seen in other surface materials as well. This indicates that the peaked regions have larger deformation under indentation, or in another word, these peaked areas get less support from the adjacent points. This could explain why local geometrical features affect their hardness or other functions.
Conclusions
We have demonstrated a new approach to characterise surface properties by using a newly developed multi-function Tribological Probe Microscope (TPM). The TPM provides four-function measurement in a single scan to map topography, friction, Young's modulus and hardness of a surface. As the four functions are measured point-by-point on the surface, the four mappings are directly correlated in space and time. Cross correlation has been carried out to investigate how the mapped functions are linked and how each function affects the others. Such information will be useful in identifying certain surface features or surface treatment for improved function performance.
